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Two dimensional low-pT dihadron correlations in azimuthal angle φ and pseudo-rapidity η in
high-energy heavy-ion collisions are investigated within both the HIJING Monte Carlo model and
an event-by-event (3+1)D ideal hydrodynamic model. Without final-state interaction and collective
expansion, dihadron correlations from HIJING simulations have a typical structure from minijets
that contains a near-side two-dimensional peak and an away-side ridge along the η-direction. In
contrast, event-by-event (3+1)D ideal hydrodynamic simulations with fluctuating initial conditions
from the HIJING+AMPT model produce a strong dihadron correlation that has an away-side as well
as a near-side ridge. Relics of intrinsic dihadron correlation from minijets in the initial conditions
still remain as superimposed on the two ridges. By varying initial conditions from HIJING+AMPT,
we study effects of minijets, non-vanishing initial flow and longitudinal fluctuation on the final
state dihadron correlations. With a large rapidity gap, one can exclude near-side correlations from
minijet relics and dihadron correlations can be described by the superposition of harmonic flows up
to the 6th order. When long-range correlations with a large rapidity gap are subtracted from short-
range correlations with a small rapidity gap, the remaining near-side dihadron correlations result
solely from relics of minijets. Low transverse momentum hadron yields per trigger ( ptrig
T
< 4 GeV/c,
passoT < 2 GeV/c) in central heavy-ion collisions are significantly enhanced over that in p+p collisions
while widths in azimuthal angle remain the same, in qualitative agreement with experimental data.
I. INTRODUCTION
Jet production has been the focus of many studies in
high-energy heavy-ion collisions. Minijets with moder-
ate transverse momentum contribute to an increasingly
large fraction of the initial energy density of partons [1–6]
that thermalize (or partially thermalize) and form a new
state of matter called quark-gluon plasma (QGP). High
transverse momentum jets, on the other hand, have been
proposed as hard probes of the dense matter formed in
high-energy heavy-ion collisions through jet quenching
[7]. Propagation of the energy-momentum deposited in
the medium by jet-medium interaction can also induce
medium excitations which can be used to study transport
properties of the QGP [8–18]. Measurements of dihadron
correlations have been proposed in all of jet-related stud-
ies in high-energy heavy-ion collisions, from anisotropic
expansion of hot spots of minijets to jet quenching and
jet-induced medium excitations.
Within the lowest-order perturbative QCD (pQCD)
parton model, jets in hadronic and nuclear collisions are
produced in pairs. They are approximately back-to-back
in the azimuthal angle ∆φ ≈ pi. For moderate transverse
momentum far away from the kinetic bounds, the rapid-
ity differences between the two jets can vary in a large
region ∆η < 2 ln(
√
s/2pT ) due to different initial mo-
mentum fractions of the two colliding partons. The cor-
responding two-dimensional dihadron correlations in az-
imuthal angle φ and pseudo-rapidity η from dijets there-
fore have a typical structure intrinsic to dijet events. It
has one near-side peak at (∆φ = 0,∆η = 0) by hadron
pairs from the same jet and one away-side ridge along the
∆η direction at ∆φ = pi by hadron pairs from two jets
separately. The shapes of the near-side peak and away-
side ridge in ∆φ are approximately Gaussian because of
initial state radiation, intrinsic transverse momentum of
the initial partons and final state jet fragmentation.
The mechanism for initial jet production in high-
energy heavy-ion collisions remains basically the same
as in nucleon-nucleon collisions except some cold nuclear
modification of the initial parton distributions. The ini-
tially produced jet partons, however, will have to traverse
a strongly interacting matter that is formed in heavy-
ion collisions. Minijets with small and moderate trans-
verse momentum will interact with each other and other
soft partons from multiple coherent nucleon-nucleon col-
lisions. They become part of the bulk QGP medium ap-
proaching local thermal equilibrium. Relics of the intrin-
sic parton correlations from the initial minijets should
appear in the final-state dihadron correlations from the
bulk medium that does not reach complete global ther-
malization. Jets with large transverse momentum, on the
other hand, will also interaction with the bulk medium
as they propagate through the medium. Such multiple
interactions of high pT jet partons will lead to parton en-
ergy loss and suppression of both leading hadrons [19–21]
and the back-to-back dihadron correlation [22], a phe-
nomenon known as jet quenching. Energy lost by high
pT jets, furthermore, is transferred to soft partons via
radiated gluons and recoil medium partons. These soft
partons in the form of jet-induced medium excitation on
top of the expanding fireball should also affect the final
dihadron correlations in heavy-ion collisions.
Dihadron correlations in high-energy heavy-ion colli-
2sions were measured at the Relativistic Heavy-ion Col-
lisions (RHIC) in search for jet-induced medium exci-
tations. After subtraction of contributions from elliptic
flow due to collective expansion of an anisotropic fireball,
a double-bump structure was found in the away-side low-
pT dihadron correlations [23–28] around ∆φ = pi± 1.1 in
Au+Au collisions at RHIC. In the meantime, a near-
side ridge structure along the η direction in the two-
dimensional dihadron correlation is also observed [29–
32] underneath a peak from the residual correlation of
jets that have survived jet quenching and thermalization.
Many theoretical explanations have been proposed to ex-
plain the near-side ridge [33–38] and away-side double-
bump structure [8–10, 17, 18, 39, 40] in heavy-ion colli-
sions. The consensus now is that both the near-side ridge
and away-side double-bump have a common origin. They
arise mainly from higher-order harmonic flows, especially
the triangle flow [41] due to anisotropic expansion of the
initial energy density with geometric fluctuations. This
picture of expansion of anisotropic fireballs is unambigu-
ously demonstrated by measurements of dihadron corre-
lations and harmonic flows in Pb+Pb collisions at the
Large Hadron Collider (LHC) [42–46]. With large ra-
pidity gap, one can exclude contributions from relics of
minijets in the dihadron correlations, at least in the near-
side. The measured dihadron correlations are identical
to that from superposition of harmonic flows up to the
sixth order. The same picture also emerges from AMPT
Monte Carlo simulations [18, 47]. However, how minijets
survive the initial thermalization and hydrodynamic ex-
pansion and contribute to dihadron correlations in final
states still remains unexplored. Though the fluctuation
of initial energy density in the transverse direction is un-
derstood to lead to the final anisotropic flows, how fluc-
tuations in the longitudinal direction (pseudo-rapidity)
influence the shape of the ridge structure in rapidity is
still not clear. These are the focus our investigations in
this paper.
We will first use HIJING Monte Carlo model [48–51]
to study the intrinsic dihadron correlations in p+p and
A+A collisions from minijets without final state inter-
action. We then use a recently developed (3+1)D hy-
drodynamic model [52] to investigate how locally ther-
malized minijets in an expanding anisotropic fireball
contribute to the final dihadron correlations in heavy-
ion collisions. In order to study the contributions of
anisotropic flows to di-hadron correlations, we will use
the HIJING model plus parton cascade in the AMPT
model [53] to provide fluctuating initial conditions for
event-by-event hydrodynamic simulations [52]. Fluctu-
ating initial conditions with the MC-Glauber model [54],
MC-KLN model [55], NeXus model [56, 57], EPOS model
[58] and UrQMD model [59] have been used for the
study of two-dimensional dihadron correlations [60–62]
and anisotropic flows [63–65] in heavy-ion collisions with
event-by-event hydrodynamic simulations. In this paper,
we will focus on the relics of minijets and the effect of lon-
gitudinal fluctuations on the final low-pT dihadron cor-
relations in heavy-ion collisions using an ideal (3+1)D
hydrodynamics with fluctuating initial conditions from
the HIJING+AMPT model. Introduction of viscosity
into (3+1)D event-by-event hydrodynamic simulations
can change the numerical results quantitatively. How-
ever, our conclusions will remain qualitatively the same.
The remainder of this paper is organized as follows.
In Section II, we use HIJING model to study the struc-
ture of two-dimensional dihadron correlations in p+p
and Au+Au collisions at RHIC without hydrodynamic
expansion. We also investigate the influence of jet
quenching on the modification of dihadron correlations
from minijets. We then calculate dihadron correlations
within an ideal (3+1)D event-by-event hydrodynamic
model with fluctuating initial conditions as given by HI-
JING+AMPT model in Section III. To isolate contribu-
tions to dihadron correlations from minijets especially
on the near side, we subtract dihadron correlation with
large rapidity gap from that with small rapidity gap.
The obtained charged particle yields per trigger from
ideal (3+1)D event-by-event hydrodynamic simulations
are compared to PHENIX (Au+Au
√
s = 200 GeV/n)
and CMS (Pb+Pb
√
s = 2.76 TeV/n) data. In Secc-
tion IV, We will study the influence of minijets and their
fluctuations in the longitudinal direction on the dihadron
correlations by varying the fluctuation in both initial en-
ergy density and flow velocity. We also compare direct
dihadron correlations with that reconstructed from har-
monic flows. Finally we give our summary and conclu-
sions in Sec. V.
II. DIHADRON CORRELATIONS IN P+P AND
A+A COLLISIONS FROM HIJING
Jet production with large transverse momentum trans-
fer can be described by perturbative QCD (pQCD). At
the lowest order of pQCD, jets in hadronic and nuclear
collisions are normally produced in pairs. They are back-
to-back in azimuthal angle φ with the differential cross
section as given by [66]
dσjet
dp2Tdy1dy2
=
∑
a,b
x1fa(x1, p
2
T )x2f(x2, p
2
T )dσab/dtˆ, (1)
where σab are the pQCD cross section of two-parton scat-
terings. The rapidities y1,2 of the two jets are determined
by the longitudinal momentum fractions x1,2 of the two
colliding partons,
x1,2 =
2pT√
s
(
e±y1 + e±y2
)
, (2)
and the final jet transverse momentum pT . For jet pro-
duction with moderate transverse momentum far from
the kinetic limit pT ≪
√
s/2 or x1,2 ≪ 1, parton distri-
bution functions have a power-law behavior fa(x, p
2
T ) ∼
1/x1+α with α > 0 [67] and the parton scatterings
3are dominated by t or u-channels. In this kinetic re-
gion, the rapidity distribution of jets will have an ap-
proximate plateau with a half-width ∼ ln√s/2pT . In
this lowest order pQCD collinear parton model, dijets
will have a back-to-back correlation in azimuthal angle
∆φ which is extended in the rapidity over a plateau of
∆η ∼ 2 ln√s/2pT . Higher order corrections to the LO
pQCD results from initial state radiations and initial in-
trinsic transverse momentum of the two colliding par-
ton will give rise to a broad back-to-back correlation of
dijets in azimuthal angle ∆φ. Taking into account the
transverse momentum from final state interaction and
hadronization, one should expect to see a dihadron cor-
relation that has a near-side two-dimensional peak for
hadrons from the fragmentation of a single jet. Hadrons
from separate fragmentation of two back-to-back jets will
give a back-side dihadron correlation that has a broad
peak in azimuthal angle ∆φ and an extended flat plateau
in pseudo-rapidity ∆η in the shape of a ridge, therefore
referred to as the ridge structure.
The above picture of dihadron correlations from mini-
jets are based on the pQCD collinear parton model.
However, recent experimental data at LHC show a ridge
structure in the near-side dihadron correlation in the high
multiplicity events of p+p collisions [68] that cannot be
explained within the above collinear parton model. Such
a near-side ridge structure is also seen in high multiplic-
ity events of p+Pb collisions at LHC [69–71]. To explain
such a surprising ridge structure in near-side dihadron
correlation in p+p and p+A collisions, one can go beyond
the collinear parton model and consider the initial trans-
verse momentum distribution in a nucleon in the limit of
gluon saturation at small momentum fraction x. The in-
terference in multiple parton scattering is shown [72–75]
to give rise to a near-side ridge in dihadron correlations
that agrees well with the experimental measurements in
p+p and p+Pb collisions at LHC.
The charged hadron multiplicity in p+p collisions at√
s = 7 TeV has to be larger than 110 when one starts to
see a ridge in the near-side dihadron correlation. This
is equivalent to semi-central Cu+Cu collisions at the
RHIC energy where collective expansion of a dense mat-
ter is clearly observed. Concentrated within a transverse
area much smaller than in semi-central Cu+Cu collisions,
the produced partons in the high multiplicity events of
p+p collisions should experience final-state interaction
that could lead to some form of collective behavior. In-
deed, hydrodynamic models have been applied to p+p
and p+A collisions and one can also qualitatively de-
scribe the measured dihadron correlations with a ridge-
like long range correlation in rapidity [76–78]. The most
compelling evidence for collective flow in central p+Pb
collisions at LHC is the observation of the mass (or flavor)
dependence of the anisotropic flow in dihadron correla-
tion [70]. While the justifications for fast thermalization
and the use of ideal hydrodynamic model for large multi-
plicity p+p and p+A collisions are still up to debate, it is
safe not to consider such collective behavior or any initial
state effect in minimum-biased events of p+p collisions
in this section.
In this paper, we use associated hadron yields
per-trigger-particle to study di-hadron correlations for
charged hadrons in p+p and A+A collisions. This
method is widely used in RHIC and LHC experiments
and is described in details in Ref. [46]. Trigger particles
are defined as all charged hadrons within pseudo-rapidity
window |η| < 2.4 with transverse momentum ptrigT . The
averaged number of trigger particles per event is denoted
as Ntrig. Particle pairs are constructed by associating
each trigger particle with all other charged hadrons re-
ferred to as associated particles within |η| < 2.4 with
transverse momentum passoT .
The dihadron correlation is defined as,
C12(∆η,∆φ) =
S(∆η,∆φ)
B(∆η,∆φ)
, (3)
through ratios of associated yields per trigger, where
∆η,∆φ are the differences in η and φ, respectively, of
the trigger and associated particles. S(∆η,∆φ) is the
signal associated yield per trigger particle in the same
events,
S(∆η,∆φ) = 〈 1
Ntrig
d2N same
d∆ηd∆φ
〉, (4)
and B(∆η,∆φ) is the background associated yield per
trigger-particle from mixed events,
B(∆η,∆φ) = 〈 1
Ntrig
d2Nmixd
d∆ηd∆φ
〉, (5)
where the hadron pair is constructed by associating trig-
ger particles in one event with associated particles in
another random event. The average is carried out over
events in which Ntrig 6= 0.
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FIG. 1. (Color online) Dihadron correlation for charged
hadrons in p+p collisions at
√
s = 200 GeV/n given by HI-
JING Monte Carlo model. The transverse momentum range
for trigger and associated particles are ptrig
T
∈ (2, 3) GeV/c
and passoT ∈ (0, 2) GeV/c, respectively.
4Shown in Fig. 1 is the dihadron correlation for charged
hadrons in p+p collisions at
√
s = 200 GeV/n. The
two-dimensional distribution has the basic structure of
di-hadron correlation as expected from minijets. There
is one near-side peak from the single jet fragmentation
and one away-side ridge at ∆φ = pi from back-to-back
jets whose total longitudinal momentum is often nonzero
in the center-of-mass frame of p+p collisions. Since HI-
JING employs the pQCD collinear parton model for jet
production and does not allow any final-state interaction
among produced partons in p+p collisions, there should
not be any near-side ridge structure in dihadron correla-
tion.
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FIG. 2. (Color online) The same as Fig. 1 except in semi-
central (10-20%) Au+Au collisions at
√
s = 200 GeV/n from
HIJING without jet quenching.
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FIG. 3. (Color online) The same as Fig. 1 except in semi-
central (10-20%) Au+Au collisions at
√
s = 200 GeV/n from
HIJING with jet quenching.
To study dihadron correlations from minijets in the en-
vironment of heavy-ion collisions without collective ex-
pansion, we show the HIJING results in semi-central
(10-20%) Au+Au collisions at
√
s = 200 GeV/nucleon
without and with jet quenching in Figs. 2 and 3, re-
spectively. When jet quenching is turned off, there is
no final-state interaction even in A+A collisions in HI-
JING. Minijet production is just superposition of binary
nucleon-nucleon collisions. The nuclear modification of
parton distributions in HIJNG does not affect dihadron
correlations of the final state hadrons. The shape of
the near-side peak in dihadron correlation in Au+Au
remains the same as in p+p collisions. Because of the
definition of the associated yield per trigger particle in
Eq. 3, the magnitude of dihadron correlation above the
underlying background should inversely proportional to
the total multiplicity. The ratio of back-side to near-
side signal should on the other hand proportional to the
average total number of minijets per event which is in
turn also proportional to the number of binary nucleon-
nucleon collisions in A+A collisions. One can see these
two features through the comparison between Fig. 1 and
2.
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FIG. 4. (Color online) Near-side dihadron correlations for
charged hadrons as a function of ∆η in central Au+Au colli-
sions at
√
s = 200 GeV/n in HIJING with (dashed) and with-
out jet quenching (solid). The transverse momentum range
for trigger and associated particles are ptrig
T
∈ (2, 3) GeV/c
and passoT ∈ (0, 2) GeV/c, respectively.
Jet quenching in HIJING is implemented through a
simple model of interaction between jet shower partons
and the soft strings representing the bulk medium [48–
51]. It is expected that jet quenching in HIJING should
diffuse parton distributions both inside jets and between
jets. This will lead to diffusion of dihadron correlations.
One can indeed see such diffusion in Fig. 3 for charged
dihadron correlation in central Au+Au collisions with
jet quenching as compared to that in Fig. 2 without
jet quenching. To illustrate quantitatively the diffusion
of dihadron correlations due to jet quenching, we show
in Fig. 4 the near-side peak (∆φ = 0) of the dihadron
correlation as a function of ∆η in central Au+Au col-
lisions from HIJING with (dashed) and without (solid)
jet quenching. The near-side peak along ∆η is clearly
broadened, and the dihadron correlation outside the peak
at 2 < |∆η| < 4 is enhanced by jet quenching as com-
pared to the case without jet quenching. To illustrate
the enhancement of the dihadron correlation outside the
jet-peak, we show in Fig. 5 the dihadron correlation with
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FIG. 5. (Color online) Dihadron correlations for charged
hadrons with large pseudo-rapidity gap (2 < ∆η < 4) as
a function of ∆φ in central Au+Au collisions at
√
s = 200
GeV/n in HIJING with (dashed) and without jet quenching
(solid). The transverse momentum range for trigger and as-
sociated particles are ptrig
T
∈ (2, 3) GeV/c and passoT ∈ (0, 2)
GeV/c, respectively.
large rapidity gap (2 < ∆η < 4). While the azimuthal
angle distribution of the away-side ridge remains almost
the same, there is clear enhancement of the dihadron cor-
relation on the near-side due to jet quenching. However,
this near-side enhancement is distributed evenly around
∆φ = 0, therefore no ridge structure contrary to the mo-
mentum kick model [38]. Therefore, jet quenching can-
not explain the long range correlation structure in p+p,
p+A and A+A collisions at LHC [68–71]. As we will
show in the next section, the slight enhancement of near-
side long range correlation due to jet quenching will be
overwhelmed by ridge-like dihadron correlations from the
collective flow of the expanding anisotropic medium.
In addition to jet production, the underlying soft and
coherent interaction also contributes to low transverse
momentum hadron production in p+p collisions. Hadron
production from this coherent process is modeled by
fragmentation of strings between valence quarks and di-
quarks in HIJING. There should be a short range near-
side dihadron correlation in rapidity for hadrons from
such production mechanism. Momentum conservation
also give rises to away-side dihadron correlation for these
soft hadrons in p+p collisions. However, at high colliding
energies such as RHIC and LHC, dihadron correlations
from this soft and coherent process become insignificant,
in particular at large transverse momentum, as compared
to hadrons from minijets [79].
III. DI-HADRON CORRELATIONS FROM
(3+1)D EVENT-BY-EVENT HYDRODYNAMICS
Because of the large energy density produced in the
early stage of heavy-ion collisions and strong interaction
among the initially produced partons, one can assume
approximate local thermalization during the early stage
of heavy-ion collisions. The evolution of such anisotropic
hot matter can then be described by hydrodynamic mod-
els. We have recently developed an ideal (3+1)D hy-
drodynamic model [52] for heavy-ion collisions that uses
fluctuating initial conditions from HIJING and parton
cascade in AMPT model for event-by-event simulations.
A. (3+1)D ideal hydrodynamic model
Hydrodynamic models of high-energy heavy-ion colli-
sions can be considered as effective models for the long
wavelength dynamics of dense matter evolution. Local
thermal equilibrium is assumed at some initial time τ0
and the evolution of the system afterwards can be de-
scribed by conservation equations for energy-momentum
tensor and net baryon current,
∂µT
µν = 0, (6)
∂µJ
µ = 0, (7)
where the energy-momentum tensor and net baryon cur-
rent can be expressed as
T µν = (ε+ P )uµuν − Pgµν ,
Jµ = nuµ, (8)
in terms of the local energy density ε, pressure P , the
metric tensor gµν , net baryon density n (or any conserved
charges) and time-like flow velocity uµ with u2 = 1.
Short wavelength dynamics is included in the equation
of state (EoS) for which we will use the parameterization
EoS s95p-v1 by Huovinen and Petreczky [80] based on
lattice QCD calculations.
In high-energy heavy-ion collisions, minijets are a dom-
inant source of the initial energy density that evolves into
an expanding QGP. Therefore, fluctuations in the num-
ber of minijets, their initial correlation and thermaliza-
tion will dictate the later anisotropic expansion of the
fireball and the final dihadron correlations. To incor-
porate initial fluctuations and correlations from minijets
in event-by-event (3+1)D hydrodynamic simulations, we
will use the AMPT model [53] to provide the local ini-
tial energy-momentum tensor in each hydrodynamic cell.
The AMPTmodel uses the HIJING model [48–51] to gen-
erate initial partons from hard and semi-hard scatterings
and excited strings from soft interactions.
We will use the 4-momenta and spatial coordinates of
partons from the AMPTmodel with a Gaussian smearing
function to determine the local energy-momentum tensor
as the initial conditions for our event-by-event (3+1)D
hydrodynamic simulations,
T µν(τ0, x, y, ηs) = K
∑
i
pµi p
ν
i
pτi
1
τ0
√
2piσ2ηs
1
2piσ2r
× exp
[
− (x− xi)
2 + (y − yi)2
2σ2r
− (ηs − ηis)
2
2σ2ηs
]
,
(9)
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FIG. 6. (Color online) Charged hadron distributions in η and
φ within pT ∈ (1, 2) GeV/c from two typical hydrodynamic
events of 0− 10% Au+Au collisions at √s = 200 GeV/n.
where pτi = miT cosh(Yi − ηis), pxi = pix, pyi = piy and
pηi = miT sinh(Yi − ηis)/τ0 for parton i, which runs over
all partons produced in the AMPT model simulations.
We set σr = 0.6 fm, σηs = 0.6 in our calculations. The
transverse mass mT , rapidity Y and spatial rapidity ηs
are calculated from the parton’s 4-momenta and spatial
coordinates. The scale factor K and the initial time τ0
are the only two parameters that are adjusted to fit the
experimental data on central rapidity density of produced
hadrons. The smearing is necessary to provide the initial
condition from discrete particles to a continuous initial
energy density distribution. It can also be considered as
an effective process of local thermalization.
In the above initial condition from AMTP model, jets
which consist of collimated clusters of partons in phase
space will appear as a local density fluctuation or hot
spots on top of the underlying background of bulk mat-
ter. Such local density fluctuations or hot spots will even-
tually contribute to the same-side dihadron correlations
after anisotropic expansion according to the hydrody-
namic equations. Since jets carry large transverse mo-
mentum (and longitudinal momentum in large rapidity
region), these hot spots should also carry non-vanishing
initial fluid velocity. Propagation of hot spots with non-
vanishing fluid velocity will be equivalent to jet propa-
gation through medium with the strongest jet-medium
interaction and induced medium excitations. It should
therefore influence the near-side dihadron correlation.
Since jets are often produced in pairs, dijets in the above
initial condition will appear as two hot spots with fluid
velocities back-to-back in the transverse direction. Such
back-to-back hot spots should contribute to away-side di-
hadron correlations in the final state.
Hadron spectra from the ideal hydrodynamics can
be calculated through the Cooper-Frye formula [81] at
freeze-out for particle i with degeneracy gi:
E
dNi
d3p
=
dNi
dηpT dpTdφ
= gi
∫
Σ
pµdΣµfi(p · u), (10)
where dΣµ is the normal vector on the freeze-out hyper-
surface beyond which the temperature falls below the
freeze-out temperature Tf and hadrons are assumed to
follow the thermal distribution,
fi(p · u) = 1
(2pi)3
1
e((p·u−µi)/Tf )) ± 1 , (11)
where ± stands for fermions and bosons, respectively,
u is the flow velocity. All resonances are assumed to
freeze out from the same hyper surface and decay into
stable particles whose spectra are summed together with
direct hadrons from the freeze-out to give the final hadron
spectra. Bulk hadron spectra and elliptic flow from this
(3+1)D ideal hydrodynamic model are found to be in
reasonable agreement with experimental data at RHIC
and LHC [52].
One can evaluate the above hadron spectra in each
event with a given initial condition. The spectra should
fluctuate in rapidity and azimuthal angle and vary from
event to event with fluctuating initial conditions. Shown
in Fig. 6 are charged hadron distributions in η − φ
within pT ∈ (1, 2) GeV/c from two typical hydrody-
namic simulations of central 0−10% Au+Au collisions at√
s = 200 GeV/n. These illustrate the typical azimuthal
anisotropies of hadron production and their fluctuations
in pseudo-rapidity η. The event-by-event fluctuations in
azimuthal anisotropies and pseudo-rapidity distribution
of charged hadron spectra from hydrodynamic simula-
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FIG. 7. (Color online) Dihadron correlations for charged hadrons from (3+1)D ideal hydrodynamic simulations of Au+Au
collisions at
√
s = 200 GeV/n with 4 centralities. The trigger and associate particles lie in pT range ∈ (2, 4) GeV/c and ∈ (1, 2)
GeV/c, respectively.
tions are completely dictated by the fluctuations in the
initial conditions. The smooth distributions do not con-
tain statistical fluctuations due to finite number of par-
ticles within each bin.
One can calculate dihadron correlation in terms of bin-
bin correlation in azimuthal and pseudo-rapidity,
C12(∆η,∆φ) = S(∆η,∆φ)/B(∆η,∆φ) (12)
=
〈N trig1 Nasso2 /N trigtotal〉same
〈N trig1 Nasso2 /N trigtotal〉mix
, (13)
where
N
trig(asso)
i =
∫
dpT
d3N
trig(asso)
i
dpTdηidφi
dηidφi, (i = 1, 2) (14)
denotes multiplicity for charged particles at pseudo-
rapidity ηi and azimuthal angle φi with transverse mo-
mentum integrated within the range for the trigger (as-
sociated) particles and 〈· · · 〉same(mix) denotes averaging
over events where trigger and associate particles come
from the same event (different events). The above di-
hadron correlation is also averaged over all values of
η1,2 and φ1,2 with fixed difference |η1 − η2| = ∆η and
|φ1 − φ2| = ∆φ to increase the statistics and the final
results should be symmetric in ∆η and ∆φ. For mixed
events, we randomly rotate each event in φ to remove the
correlation caused by the same reaction plane used in the
AMPT model. Comparing to the dihadron correlation in
experiments and the HIJING calculation in Eq. (3), the
above dihadron correlation from hydrodynamic simula-
tions neglects statistical fluctuations due to finite num-
ber of hadrons within each bin. One may improve upon
this calculation with statistic sampling within each bin in
the calculation of the dihadron correlation. The statis-
tical fluctuations might influence the overall magnitude
of the dihadron correlation but not the shape. In addi-
tion, hadrons from resonance decays [61] also contribute
to short-range correlations which we will neglect here.
This can be taken into account with a Monte Carlo res-
onance decay within the statistic sampling in freeze-out.
For moderately high pT ranges of trigger and associated
hadrons that we consider in this study, the effect of res-
onance decay on dihadron correlations is expected to be
small.
B. Dihadron correlations at RHIC
We first study dihadron correlations in heavy-ion col-
lisions at RHIC. Shown in Fig. 7 are dihadron correla-
tions for charged hadrons from event-by-event (3+1)D
ideal hydrodynamic simulations of Au+Au at
√
s =
200 GeV/n with initial conditions from AMPT model
for 4 different centralities. As we will show later, di-
hadron correlations shown in this figure are dominated
by anisotropic collective flow due to the expansion of the
fireball with fluctuating initial conditions. Since the dom-
inant initial fluctuation of energy density in the trans-
verse plane is geometric in nature, it should be com-
mon along the longitudinal direction in η at each trans-
verse position. Such coherent fluctuation from the ini-
tial parton production in HIJING [18] is the main cause
of the ridge structures at both near-side and away-side
of the dihadron correlation from event-by-event hydro-
dynamic simulations. As compared to HIJING results
in the last section, such dihadron correlation generated
8by anisotropic flow is much stronger than the intrin-
sic dihadron correlation from minijets in heavy-ion colli-
sions. Relics from minijets in these dihadron correlations
from (3+1)D event-by-event hydrodynamic simulations
appear as a peak at ∆η = 0 on top of the long ridge on
the near-side.
For most non-central and peripheral collisions, elliptic
flow v2 is the most dominant and is driven by the overall
geometric shape of the overlapping region of A+A colli-
sions. This is the reason for the two ridge structures on
both near-side and away-side of dihadron correlations.
The amplitudes of these two ridges in C12 increase with
the average value of v2 which in turn increases with the
eccentricity as one can see in the figure. In the most
central 0 − 10% collisions, the amplitudes of v3 and v4
are comparable with v2 for transverse momentum range
pT ∈ (2, 4) GeV/c in the ideal (3+1)D hydrodynamic
simulations [18, 82, 83]. The large v3 and v4 component
of the fluctuation is the reason for the double ridges on
the away-side of the dihadron correlation as seen in the
hydrodynamic results for the 0− 10% Au+Au collisions.
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FIG. 8. (Color online) Dihadron correlations for charged
hadrons with large rapidity gap ∆η = 2.5 as a function of
∆φ from (3+1)D ideal hydrodynamic simulations of Au+Au
collisions at
√
s = 200 GeV/n with 4 different centralities.
The trigger and associate particles lie in pT range ∈ (2, 4)
GeV/c and ∈ (1, 2) GeV/c.
To illustrate dihadron correlations from anisotropic
flows and their centrality dependence, we show in Fig. 8
dihadron correlations for charged hadrons with large ra-
pidity gap ∆η = 2.5 as functions of ∆φ. The correlation
strengths on both near-side and away-side increases from
central to semi-peripheral events. For very peripheral
events, viscous corrections become more important and
the correlation should decrease again. In the most cen-
tral collisions, higher harmonic flows become more dom-
inant and the shape of away-side dihadron correlations
becomes flatter with multiple bumps.
To exam the structure of the minijet relics amid
anisotropic flows, we define the associated yield per trig-
ger and per unit of phase space in (∆η,∆φ),
1
Ntrig
d2Npair
d∆ηd∆φ
= C12(∆η,∆φ) × B(0, 0)
∆η∆φ
, (15)
which is obtained by multiplying the dihadron correlation
C12 with the yield of background pairs from mixed event
B(∆η = 0,∆φ = 0). Dividing by ∆η and ∆φ will ensure
the associate particle yield per trigger independent of the
bin size. The per-trigger particle yield in one selected ra-
pidity difference window as a function of azimuthal angle
difference ∆φ is defined as:
1
Ntrig
dNpair
d∆φ
=
1
ηmax − ηmin
∫ ηmax
ηmin
1
Ntrig
d2Npair
d∆ηd∆φ
d∆η
(16)
In Fig. 9, we plot the associated yields per trigger for
charged hadrons as functions of the azimuthal angle dif-
ference ∆φ. We can see that the associated yields per
trigger on near-side and away-side both increase with
centrality monotonically, reflecting the increased collec-
tivity in more central collisions.
Since minijets do not contribute to long-range di-
hadron correlations on the near-side as we have seen
in p+p collisions without collective expansion, one can
subtract the long-range (large ∆η) correlation from the
short-range (small ∆η) to focus on the structure of di-
hadron correlation on the near-side purely from mini-
jets. Shown in Fig. 10 are the long-range subtracted
per trigger charged hadron yields as functions of ∆φ
from (3+1D) event-by-event hydrodynamic simulations
of Au+Au collisions at
√
s = 200 GeV/n (open cir-
cles) compared with PHENIX experimental data (solid
diamonds)[28] and HIJING results on p+p collisions
(dashed histograms). We consider the same kinematic
cuts as in PHENIX analysis when we calculate 2-
dimensional per trigger particle yields as functions of ∆η
and ∆φ for charged hadrons in |η| < 2.4 from which
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FIG. 9. (Color online) Associated yield per trigger for charged hadrons at short range |∆η| < 1 (solid circles) and long range
2 < |∆η| < 4 (solid squares) as a function of ∆φ from (3+1)D ideal hydrodynamic simulations of Au+Au collisions at √s = 200
GeV/n with 4 different centralities. The trigger and associate particles lie in pT range ∈ (2, 4) GeV/c and ∈ (1, 2) GeV/c,
respectively.
the associated yield per trigger (1/Ntrig)dN
pair/d∆φ as
a function of ∆φ is calculated following Eq. (16). We
then subtract the long-range associated yields per trigger
in 2 < |∆η| < 4 from the short-range ones in |∆η| < 1.
We see modest but systematic increase of long-range sub-
tracted per trigger yield from peripheral to central heavy-
ion collisions and significant enhancement over that in
to p+p collisions. One might regard this as the conse-
quence of interaction between minijets and the expanding
medium as the radial flow boots the particle yields within
the relics of minijets in hydrodynamic simulations.
In the PHENIX experiment, charged hadrons within
|η| < 0.35 are used to calculate the di-hadron correla-
tions as functions of ∆φ, where the flow contributions
v2, v3, v4(Ψ4) are subtracted by using the ZYAM(Zero
Yield At Minimum) method [25]. The data (solid dia-
monds) shown in Fig. 10 are the ZYAM subtracted per
trigger particle yield and the hashed region represents
systematic uncertainties propagated from higher-order
flow harmonics. The PHENIX data shown in Fig. 10
are divided by a factor of 0.7 due to the small rapidity
window |η| < 0.35 in order to get the associated yield
per unit of rapidity. The long-range subtracted per trig-
ger yields from event-by-event hydrodynamic simulations
in Fig. 10 are systematically higher than the PHENIX
results. The difference could be caused by the ZYAM
method of subtracting background from high order har-
monic flows.
The magnitude of the per-trigger particle yield is deter-
mined by the event averaged number of associated par-
ticles which in turn is proportional to single inclusive
hadron spectra in hydrodynamic simulations. We com-
pare our ideal hydrodynamic simulations [52] of pT spec-
tra for charged hadrons in Au+Au collisions at
√
s = 200
GeV/n to PHENIX data in Fig. 11. In the region
pT ∈ (1, 2) GeV/c, hydrodynamic results are consistently
larger than experimental data. Inclusion of viscous cor-
rections in hydrodynamic simulations will likely improve
the hydrodynamic results on pT spectra. For a more
accurate comparison to experimental data on associated
yield per trigger, we should take into account such over-
estimate of hadron spectra in ideal hydrodynamic simu-
lations. For this purpose we define a scale factor C as
the ratio between the integrated number of associated
hadrons from experiments and event-by-event ideal hy-
drodynamic simulations in the range of transverse mo-
10
0.00
0.05
0.10
0.15
0.20
0.25 (a)0-10%
Au+Au 
√
s =200 GeV/n
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(|∆
η|
<
1)
−
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(2
<
|∆
η|
<
4)
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(|∆
η|
<
1)
−
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(2
<
|∆
η|
<
4)
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(|∆
η|
<
1)
−
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(2
<
|∆
η|
<
4)
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(|∆
η|
<
1)
−
1
N
tr
ig
d
N
p
a
ir
d
∆
φ
(2
<
|∆
η|
<
4)
hydro
hydro scaled
PHENIX/0.7
HIJING pp
(b)10-20%
ptrigT ∈[2,4]GeV/c, passoT ∈[1,2]GeV/c
0 1 2 3 4 5
∆φ
0.00
0.05
0.10
0.15
0.20
0.25 (c)20-30%
0 1 2 3 4 5
∆φ
(d)30-40%
FIG. 10. (Color online) The short-range (|∆η| < 1 ) yield per trigger with long-range (2 < |∆η| < 4) subtracted for charged
hadrons as a function of ∆φ from (3+1)D ideal hydrodynamic simulations of Au+Au collisions at
√
s = 200 GeV/n with 4
centralities (open diamonds and open circles), compared with HIJING p+p results (dashed histogram) and PHENIX data [28]
(solid diamonds) where v2, v3, v4(Ψ4) contributions are ZYAM subtracted from the short range per-trigger particle yield. The
trigger and associated particles lie in pT range ∈ (2, 4) GeV/c and ∈ (1, 2) GeV/c, respectively. See text for explanation on
scaled hydro results.
mentum ∆pT of interest,
C =
(
∫∆pT dpTd2N/dηdpT )Expt
(
∫ ∆pT dpT d2N/dηdpT )Hydro . (17)
In Table. I, we list these scale factors for Au+Au colli-
sions at
√
s = 200 GeV/n for 4 centralities. The scaled
hydrodynamic results on associated yield per trigger are
plotted in Fig. 10 which are on the average about 30%
below the original hydrodynamic results.
Centrality 0− 10% 10− 20% 20− 30% 30− 40%
C 0.671 0.670 0.645 0.669
TABLE I. The scale factor C which is defined as the ra-
tio between the integrated number of charged hadrons with
pT ∈ (1, 2) GeV/c from PHENIX data and event-by-event
ideal hydrodynamic simulations in Fig. 11.
Long-range subtracted hadron yields per trigger have
also been measured in Au+Au and d+Au collisions by
STAR experiment at RHIC [86, 87] and found to be sim-
ilar. This might not be surprising given recent discovery
of collective behavior such as anisotropic flows and ridge
structures in p+Pb collisions at LHC [69–71] and d+Au
collisions at RHIC [88]. It is therefore important to com-
pare results in A+A and p(d)+A to p+p collisions.
We should note that the subtraction of the long-range
correlation removes contributions from all order har-
monic flows to di-hadron correlation on both near side
(∆φ = 0) and away side (∆φ = pi) as well as the jet con-
tribution on the away-side. Since uncertainties from high
order flow harmonics exist at both short-range |∆η| < 1
and long-range 2 < |∆η| < 4, the long-range subtraction
method should significantly reduce the systematic errors
arising from direct and high harmonic flows as compared
to the ZYAM method where only flow contributions are
subtracted. This is particularly important for our calcu-
lations in this paper since ideal hydrodynamic models are
known to produce larger direct and high order harmonic
flows [65] than experimental data. Inclusion of viscos-
ity will improve the hydrodynamic calculation of high
harmonic flows and it might also influence quantitatively
the long-range subtracted correlations. Long-range sub-
tracted dihadron correlations can also avoid uncertainties
related to the ZYAM method for subtraction of flow con-
tributions [89].
C. Dihadron correlations at LHC
For Pb+Pb collisions at the LHC energy
√
s = 2.760
TeV/n, we also calculate the per trigger charged yield
as a function of ∆η and ∆φ. At such a high colliding
energy, the initial energy density is much higher than at
RHIC. There are also much more mini-jets contributing
to the fluctuation and correlation in the initial conditions
for hydrodynamic studies.
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FIG. 11. (Color online) (upper panel) The transverse mo-
mentum distribution of the charged hadrons in Au+Au col-
lisions at
√
s = 200 GeV/n from event-by-event (3+1)D hy-
drodynamic simulations (open symbols) [52] compared with
PHENIX experimental data (solid symbols) [84, 85] and
(lower panel) their ratio. The shaded region indicates the pT
range for associated hadrons in our calculation of dihadron
correlations
Shown in Fig. 12 are the per trigger particle yield
in Pb+Pb collisions at
√
s = 2.76 TeV/n for 4 cen-
tralities from event-by-event (3+1D) ideal hydrodynamic
simulations, where the transverse momentum ranges for
trigger and associate particles are (3, 3.5) GeV/c and
(1, 1.5) GeV/c, respectively. Again, slopes of pT spectra
for charged hadrons from our ideal hydrodynamic sim-
ulations [52] of Pb+Pb collisions at
√
s = 2.76 TeV/n
are a little bigger than experimental data as shown in
Fig. 13. They also make the event-averaged number of
associate particles in the transverse momentum range
(1, 1.5) GeV/c from hydrodynamic simulations bigger
than experimental data. This brings about 25% more
overall per-trigger particle yield in the most central colli-
sions and 35% more in semi-central collisions than CMS
data [43]. Viscous corrections in hydrodynamic simula-
tions will bring down the pT spectra and give a better
fit to the experimental data on the magnitudes of per
trigger particle yield, especially in peripheral collisions.
To compensate the effect of viscous corrections to the
overall spectra and the magnitude of per trigger hadron
yields, we scale our per trigger associated particle yields
from ideal hydrodynamic simulations by a scale factor
C for each centrality range in Eq. (17). It is defined as
the ratio between the integrated number of associated
hadrons from ALICE [44] and event-by-event ideal hy-
drodynamic simulations [52]. In Table. II, we list these
scale factors for Pb+Pb collisions at
√
s = 2.76 TeV/n
for 4 centralities.
Centrality 0− 5% 10− 20% 20− 30% 30− 40%
C 0.728 0.717 0.693 0.635
TABLE II. The scale factor C defined as the ratio between
the integrated number of charged hadrons with pT ∈ (1, 1.5)
GeV/c from ALICE data and event-by-event ideal hydrody-
namic simulations in Fig. 13.
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FIG. 12. (Color online) Associated yield of charged hadrons per trigger from (3+1)D ideal hydrodynamic simulations of Pb+Pb
collisions at
√
s = 2.76 TeV/n with 4 different centralities. The trigger and associate particles lie in pT range ∈ (3, 3.5) GeV/c
and ∈ (1, 1.5) GeV/c, respectively.
In Fig. 12, we again see the difference between short-
range and long-range associated hadron yield per trigger
on the near-side |∆φ| < 1.1 due to relics of minijets. On
the away side at ∆φ ∼ pi, the ridge of per trigger particle
yield is approximately flat from mostly the superposition
of anisotropic flows and some small contributions of back-
to-back jets. However, a careful examination reveals that
there is a small concave feature along the ridge on the
away-side, especially for most central collisions, which is
also observed in CMS [43] data for Pb+Pb collisions at
2.76 TeV/n and STAR [29] data for Au+Au collisions at
200 GeV/n. A smaller but similar concave feature along
∆η on the away side is also seen in HIJING results for
p+p collisions at 200 GeV in Fig. 1. We have also checked
that such a concave feature along the away-side ridge still
exists if true rapidity y is used instead of pseudo-rapidity
η. One possible mechanism for the enhanced concave
feature along the away-side ridge in heavy-ion collisions
is the influence of longitudinal expansion on back-to-back
jet correlations. This might worth further investigation
in future studies.
To study the centrality dependence of minijet relics,
we show in Fig. 14 the long-range subtracted associated
hadron yields per trigger from Fig. 12 (open diamonds)
compared with CMS experimental data for Pb+Pb (solid
squares) and p+p (dashed lines) at 2.76 TeV/n. The dif-
ference between hydrodynamic results and experimental
data on the magnitudes of the near-side yield per trig-
ger is consistent with the difference in the overall single
hadron spectra in the pT range of the associated hadrons,
as we have noted before. Using the scale factors in Ta-
ble. II, the scaled hydrodynamic results (open circles)
agree with the CMS data very well on the long-range
subtracted per-trigger hadron yields. Compared to the
p+p result (dashed lines), the per trigger hadron yield
from minijet relics in heavy-ion collisions is significantly
higher. One can attribute such enhanced per trigger
yields to the jet-medium interaction and the influence
of radial flows on minijet relics. The enhancement in
Pb+Pb collisions decreases in more peripheral collisions
and eventual should approach that in p+p collisions. We
should note again that the subtraction of long-range di-
hadron correlations reduces the influence of higher har-
monic flows on the near-side correlation and consequently
of viscous corrections to the ideal hydrodynamic results.
IV. RELICS OF MINIJETS AND
LONGITUDINAL FLUCTUATIONS
As we have seen in the last section, relics of minijets
produce additional dihadron correlations that sit on top
of two ridges from anisotropic flows due to expansion
of the fluctuating initial energy density that is coherent
along the longitudinal direction. Such relics of minijets
in dihadron correlations result from the initial correlation
intrinsic to minijets that survive anisotropic expansion of
the fluctuating fireball. In this section, we will exam the
structure of minijet relics in detail.
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FIG. 13. (Color online) The transverse momentum distribu-
tion of the charged hadrons in Pb+Pb collisions at
√
s = 2.76
TeV/n from event-by-event (3+1)D hydrodynamic simula-
tions (open symbols) [52] compared with ALICE experimental
data (solid symbols) [44]. The shaded region indicates the pT
range for associated hadrons in our calculation of dihadron
correlations.
A. Longitudinal fluctuations and initial flow
In order to study the influence of the intrinsic corre-
lations on final dihadron correlations, we first switch off
the longitudinal fluctuation and correlation from minijets
by multiplying the initial parton density at central rapid-
ity η = 0 with an envelope distribution function along η
direction,
H(η) = exp
[−θ(|η| − η0)(|η| − η0)2/2σ2w] , (18)
to obtain a tube-like initial rapidity distribution, where
η0 is the half width of the central plateau in rapidity and
σw is the Gaussian fall-off at large rapidity that are used
to fit the charged hadron rapidity distribution [52].
In Fig. 15 we compare dihadron correlations from
event-by-event (3+1)D hydrodynamic simulations with
the full AMPT fluctuating initial conditions (upper
panel) and tube-like AMPT initial conditions (middle
panel) in semi-central 30 − 40% Au+Au collisions at√
s = 200 GeV/n. Within the rapidity window of the
plot, the tube-like AMPT initial conditions give two
ridges which are very flat along ∆η direction. Therefore,
any variation in rapidity of the dihadron correlation as
compared to that from the tube-like initial conditions are
caused by initial intrinsic correlation from minijets and
the underlying soft and coherence initial parton produc-
tion. To illustrate the relics of minijets in dihadron cor-
relation, we show in the lower panel of Fig. 15 the ratio
of dihadron correlation from hydrodynamic simulations
with full AMPT and tube-like AMPT initial conditions.
The ratio has a two-dimensional peak on the near-side
and long-ridge on the away-side. They resemble the di-
hadron correlation from minijets in p+p collisions shown
in Fig. 1, though the near-side peak of the ratio is much
broader in η direction than that in p+p collisions. Such
broadening of the near-side peak in the relic dihadron
correlation from minijets represents the effect of thermal-
ization and jet-medium interaction. Mechanisms such as
local charge conservation in hadronization and resonance
decay [61] can also induce two-dimensional central peak
in dihadron correlations which is additional to the relics
of minijets.
Because of momentum conservation, transverse mo-
mentum of jets will be transferred to the local medium
through jet-medium interaction even if one assumes a
complete local thermalization. Therefore, hot spots from
minijets in the fluctuating initial condition should have
non-vanishing fluid velocity. This non-vanishing fluid ve-
locity of hot spots is found to increase the final hadron
multiplicity, the slope of hadron transverse momentum
spectra and the differential elliptic flow at large trans-
verse momentum [52]. It should also affect both near-side
and away-side dihadron correlations. Shown in Fig. 16
are dihadron correlations with full fluctuating initial con-
dition from AMPT (upper panel) and initial conditions
in which the local transverse fluid velocity is set to zero
(middle panel). One can see that the near-side peak in
the case of full fluctuation is more collimated in pseudo-
rapidity ∆η than that without initial flow. To quantify
the effect of initial flow in the dihadron correlation we
show the ratio of dihadron correlations with and with-
out initial flow in the lower panel of Fig. 16. One can
clearly see the relic of minijets in this ratio whose struc-
ture resembles that of dihadron correlations in Au+Au
collisions from HIJING simulations in Fig. 4 which do
not have contributions from anisotropic flow. However,
the effect of the initial flow on the dihadron correlation
is quite small on the order of a few percent of the overall
magnitude of dihadron correlations.
B. Dihadron correlations and harmonic flows
Though our analysis of (3+1)D hydrodynamic simu-
lations with different initial conditions can illustrate the
relics of minijets in dihadron correlations on both near
side and away side, the striking feature of dihadron cor-
relations that is unambiguously from minijets and can be
extracted from experimental data is the near-side peak
on top of the ridges from harmonic flows. An alternative
method to quantify the difference in dihadron correla-
tions within and outside the near-side peak region is to
carry out a harmonic analysis of dihadron correlations.
We use the event plane as constructed from hadrons
at large rapidity 3.3 < |η| < 4.8 in Pb+Pb collisions at
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FIG. 14. (Color online) The difference between associated yield per trigger for charged hadrons in |∆η| < 1 and 2 < |∆η| < 4
as a function of ∆φ from ideal hydrodynamic simulations (open circles and open diamonds) of Pb+Pb collisions at
√
s = 2.76
TeV/n with 4 centralities, compared with CMS data for Pb+Pb (solid squares) and p+p (dashed) collisions [43]. The trigger
and associated particles lie in pT range ∈ (3, 3.5) GeV/c and ∈ (1, 1.5) GeV/c, respectively. See text for explanations on scaled
hydro results.
the LHC energy
√
s = 2.76 TeV/n,
ΨEPn =
1
n
arctan
〈pT sin(nφ)〉
〈pT cos(nφ)〉 , (19)
where the average,
〈O(pT , η)〉 =
∫ 2pi
0
dφ O(pT , η, φ) dNdηpT dpT dφ∫ 2pi
0
dφ dNdηpT dpT dφ
, (20)
for each event is over the azimuthal angle of all fi-
nal hadrons weighted by their spectra. Note that final
hadron spectra from the Coorper-Frye formula are con-
tinuous distribution functions. Therefore, the calculation
of ΨEPn in our hydrodynamic simulations will not intro-
duce plane resolution, contrary to experimental analyses
where there are only finite number of particles per event.
Harmonic flows with respect to the event plane are de-
fined as
vEPn (pT , η) = 〈〈cos
(
n(φ−ΨEPn )
)〉〉, (21)
where additional average over events is implied. In our
current event-by-event (3+1)D ideal hydrodynamic sim-
ulations, higher order harmonic flows are always larger
than experimental data. Introduction of viscosity in a
viscous hydrodynamics will bring down higher harmonic
flows [65]. For our purpose of study here, dihadron corre-
lations can be reconstructed from harmonic flows within
the same hydrodynamic events self-consistently.
With harmonic flows determined from hydrodynamic
events, one can construct the corresponding dihadron
correlation as,
CEP12 (∆φ) = a0 cos(∆φ) + b0
[
1 + 2
6∑
n=2
vEPn v
EP
n cos(n∆φ)
]
C2212 (∆φ) = a1 cos(∆φ) + b1
[
1 + 2
6∑
n=2
v22n v
22
n cos(n∆φ)
]
.
where CEP12 (∆φ) and C
22
12 (∆φ) are constructed from
event-plane harmonic flows vEPn and mean-square-root
harmonic flows v22n , respectively. The mean-square-root
harmonics flows are defined as v22n =
√
〈vEPn vEPn 〉 and
take the event-by-event fluctuations into account. Since
we can not determine the directed flow v1 in our hydrody-
namic calculations we will just adjust parameters a0, a1
and b0, b1 to fit to the calculated raw dihardron correla-
tions. The fitting parameters are shown in Table. III.
a0 b0 a1 b1
0-5% 0.00754 1.0098 0.00754 1.00967
10-20% 0.01049 1.00597 0.01049 1.00524
TABLE III. The fitting parameters a0, b0 and a1, b1 for har-
monic flow decompositions of dihadron correlations in Pb+Pb
collisions at
√
s = 2.76 TeV/n with (0-5%) and (10-20%) cen-
trality.
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FIG. 15. (Color online) Dihadron correlations from event-
by-event ideal hydrodynamic simulations with full AMPT
initial conditions (upper) and tube-like AMPT initial condi-
tions (middle) in semi-central 30 − 40% Au+Au collisions at√
s = 200 GeV/n, and their ratio (lower). The trigger and as-
sociated particles lie in the same momentum range pT ∈ (2, 3)
GeV/c.
Shown in Figs. 17 and 18 (middle and bottom panels)
are directly calculated dihadron correlations with zero
rapidity gap (solid circles ) and large rapidity gap 2 <
|∆η| < 4 (solid squares) as compared to dihadron cor-
relations reconstructed from harmonic flows (solid lines)
in central (0-5%) and semi-central (10-20%) Pb+Pb col-
lisions at
√
s = 2.76 TeV/n. The momentum range for
both trigger and associated hadrons is pT ∈ (2, 3) GeV/c.
The corresponding 2-D dihadron correlations are shown
in the top panels for illustrations. Harmonic flows vEPn
and v22n for n = 2 − 6 are also calculated with pT in-
tegrated over the same range. Contributions from each
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FIG. 16. (Color online) Dihadron correlations in central
10 − 20% Au+Au collisions at √s = 200 GeV/n from ideal
hydrodynamic simulations with full AMPT initial conditions
(upper) and AMPT initial conditions without initial trans-
verse fluid velocity (middle) and their ratio (lower). The trig-
ger and associated particles lie in the same momentum range
pT ∈ (2, 3) GeV/c.
harmonic flow to dihadron correlations are superimposed
in the figure (dashed lines).
As we can see from Fig. 17 and 18, there is very little
contribution from minijets to dihadron correlations with
large rapidity gap 2 < |∆η| < 4 where harmonic flows
from anisotropic expansion dominate. Therefore, raw di-
hadron correlations (solid-square-lines) can be described
well by correlations reconstructed from mean-square-root
harmonic flows (solid lines in the bottom panels) in both
central and semi-central collisions. Short-range (∆η = 0)
dihadron correlations (solid-circle-lines) on the away-side
also agree very well with that reconstructed from har-
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FIG. 17. (Color online) The vn reconstruction of dihadron
correlations for 0− 5% central Pb+Pb collisions at √s =2.76
TeV/n with pT ∈ (2, 3) GeV/c.
monic flows. But they differ significantly at near-side,
indicating strong non-flow effect in short-range dihadron
correlations. The excess in the raw dihadron correlations
over contributions from harmonic flows is from the relics
of minijets in heavy-ion collisions.
In central collisions (Fig. 17), triangle flow (n = 3)
is the most dominant contribution to dihadron correla-
tions while the quadratic flow is comparable to elliptic
flow at the selected transverse momentum range. The
reconstructed dihadron correlation from harmonic flows
(n = 2 − 6) therefore has a double bump on the away-
side, corresponding to the double ridges on the away-side
in the two-dimensional dihadron correlation. In semi-
central and peripheral collisions (Fig. 18), however, ellip-
tic flow becomes dominant as a result of the overall geo-
metric shape of the overlapping region. Dihadron corre-
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FIG. 18. (Color online) The same as Fig 17 except for seminal
central 10− 20% Pb+Pb collisions.
lations on the away-side have a single peak, correspond-
ing to a single away-side ridge in the two-dimensional
dihadron correlations.
V. CONCLUSIONS AND DISCUSSIONS
We have used both the HIJNG Monte Carlo model
and an ideal (3+1)D hydrodynamic model with fluctu-
ating initial conditions from HIJING+AMPT model to
calculate two-dimensional dihadron correlations in ∆η
and ∆φ. We investigated the influence of initial local
fluctuations from minijets on the final dihadron correla-
tions. Since HIJING does not have final-state interaction
to produce any collective expansion of the bulk medium,
dihadron correlations in A+A from HIJING are found to
have a similar structure as those in p+p collisions. It
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has a peak on the near side and a ridge along ∆η on the
away side. Jet quenching is found to broaden the near-
side peak in both ∆η and ∆φ but does not produce any
ridge structure on the near side.
Within a (3+1)D ideal hydrodynamic model with
fluctuating initial conditions from the HIJING+AMPT
model, we found that dihadron correlations are dom-
inated by harmonic flows from the expansion of the
anisotropic fireball, especially for charged hadrons with
large rapidity gap where influence from minijets is ex-
pected to be small. Short-range dihadron correlations
with small rapidity gap show similar two-ridge structure,
however, with an enhanced dihadron correlation on the
near side due to intrinsic correlations from minijets in
the fluctuating initial conditions. These intrinsic cor-
relations seem to survive the anisotropic expansion and
still show up in near-side dihadron correlations in final
states. The intrinsic away-side correlation from mini-
jets, however, seems all disappear in the final state after
hydrodynamic evolution. This is consistent with the pic-
ture of jet quenching which suppresses the back-to-back
dihadron correlation since the away-side jets have to tra-
verse a large volume of dense matter, while the near-side
correlation remains about the same because of trigger
bias toward surface emission of jets with little attenua-
tion.
Since near-side dihadron correlations from minijets are
limited to short range in rapidity, one can extract their
contributions by subtracting long-range correlations due
to anisotropic flows. The near-side correlations from
relics of minijets extracted with this method are not
sensitive to values of harmonic flows and therefore their
sensitivity to viscous corrections should also be reduced.
The long-range subtracted per trigger hadron yields on
the near side are found to be significantly enhanced in
central heavy-ion collisions over that in p+p, due to in-
fluence of radial flow during the hydrodynamic evolution.
The hydrodynamic results on the long-range subtracted
per trigger hadron yields are in qualitative agreement
with experimental data at RHIC and LHC.
By comparing dihadron correlations from hydrody-
namic simulations with full AMPT initial conditions,
tube-like AMPT initial conditions and AMPT initial
conditions without initial fluid velocity, we illustrated
the influence of minijets on the final dihadron correla-
tions on both near side and away side. The longitu-
dinal correlations and fluctuations in minijets have a
much stronger effect on the near-side dihadron correla-
tion than the away-side. The effect of initial fluid velocity
from back-to-back dijets enhances the dihadron correla-
tion about 1% on both near-side and away-side. We also
used harmonic flows calculated from the same hydrody-
namic events to reconstruct dihadron correlations and
found they can describe the raw long-range (with large
rapidity gap) dihadron correlations very well, whereas
they differ from the raw short-range dihadron correla-
tions because of contributions from relics of minijets, as
expected.
We should emphasize that our study of dihadron cor-
relations within the (3+1)D ideal hydrodynamic model
is still semi-quantitative. It has been shown [65] that
viscous corrections to the harmonic flows and therefore
dihadron correlations are large in particular for higher
harmonic flows at high transverse momentum. There-
fore, our ideal hydrodynamic results on the overall di-
hadron correlations and per trigger hadron yields will
differ from experimental data by the amount of viscous
corrections, especially in higher pT regions. We should
emphasize that our study is only limited to low transverse
momentum region. At much higher pT , non-equilibrium
corrections become too big and one has to resort to other
approaches such as transport or jet quenching models.
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